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Reported here is a new chemical route for the wet chemical functionalization of germanium (Ge), whereby 
arsanilic acid is covalently bound to a chlorine (Cl) terminated surface. This new route is used to deliver high 
concentrations of arsenic (As) dopants to Ge, via monolayer doping (MLD).  Doping, or the introduction of Group 
III or Group V impurity atoms into the crystal lattice of Group IV semiconductors, is essential to allow control 
over the electronic properties of the material to enable transistor devices to be switched on and off. MLD is a 
diffusion-based method for the introduction of these impurity atoms via surface bound molecules which offers a 
non destructive alternative to ion implantation, the current industry doping standard, making it suitable for sub-
10 nm structures. Ge, given its higher carrier mobilities, is a leading candidate to replace Si as the channel material 
in future devices. Combining the new chemical route with the existing MLD process yields active carrier 
concentrations of dopants ( >1 × 1019 atoms/cm3), that rival those of ion implantation. It is shown that the dose 
of dopant delivered to Ge is also controllable by changing the size of the precursor molecule. X-ray photoelectron 
spectroscopy (XPS) data and density functional theory (DFT) calculations support the formation of a covalent 
bond between the arsanilic acid and the Cl terminated Ge surface.  Atomic force microscopy (AFM) indicates 
that the integrity of the surface is maintained throughout the chemical procedure and electrochemical capacitance 






The dimensions of CMOS components, i.e. transistors, have decreased over the decades from being in the order 
of micro to nano-metres in accordance with the prediction of Moore’s law.1, 2 The aggressive scaling down of 
transistors has placed demands on the engineering required to keep up with this, calling for dramatic alterations 
to the architectures of the devices as well as the processes such as doping, deposition, and lithography.3, 4 
Ge is the most likely material to be used, together with Si, to improve the performance of future transistors. It 
offers the advantages of increased (2.7 time) electron and (4 time) hole mobility over Si5 and their similarity (both 
are Group 4 elements) means it can be seamlessly integrated into a CMOS fabrication process utilising the same 
infrastructure.  Alternative channel materials, such as III-Vs, would require new costly infrastructure and are 
considerably more expensive to produce and process than Ge. 
One of the most fundamental processes in transistor fabrication is the introduction of impurity atoms into the 
semiconductor to allow them to function as switching devices. Beam-line based ion implantation has long been 
the industry leading method of carrying out semiconductor doping.6  This is a process which involves bombarding 
the structure with dopant ions, a side effect of which is crystal damage. Larger and planar structures can be 
annealed at high temperature to restore the crystal integrity. However, in dimensions approaching sub-10 nm, ion 
implantation induces damage that cannot be reversed by annealing.7 Furthermore, the directional nature of beam-
line implantation has significant issues when applying the technique to tightly pitched arrays of nanostructures. 
The nanostructures in these arrays create shadows which can lead to non-conformality, giving high variability in 
device characteristics, and poor dopant incorporation into the sidewalls.8, 9  To address the issue of crystal damage, 
implantation development has moved from room temperature towards high temperature conditions known as hot 
implantation.10-12  However, these do not address the issue of shadowing and non-conformality for arrays of 
nanostructures. An alternative to ion implantation, plasma doping, has been developed to address problems with 
directionality and crystal damage, but still has conformality issues.13, 14  Nonetheless, with further device scaling, 
novel methods will be required for these advanced doping applications where ideally the solution will be capable 
of producing minimal crystal damage and a conformal doping without the directionality constraints.  
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Monolayer doping (MLD), first reported in 2008,15 is a diffusion based, and therefore non-destructive method, 
for introducing dopants and has the potential to deliver conformal doping of nanostructures without issues of 
directionality.  MLD is a deposition doping technique in which a controllable dose is provided through a self-
limiting surface adsorbed monolayer of organic molecules containing the dopant atom. The self-limiting nature 
of monolayer formation allows for a controlled dose which is defined by the size of the molecular precursor. The 
dopant atoms are transported into the target structure via diffusion during an annealing step which causes the 
adsorbed molecule to decompose releasing the dopant. While, MLD has been well studied and used to dope Si,16-
23 silicon-germanium alloys,24 and III-V’s25, 26 it has been less studied for Ge doping.27-29  
Finding new methods to non-destructively dope Ge to the required dopant concentration is imperative given the 
use of Ge not only as the channel material in FETs, but also in other devices, which requires doping concentrations 
typically on the order of 1 × 1019 atoms/cm3. The application of MLD to Ge doping with As is challenging but is 
worth investigating due to the controllable As diffusion and high solubility in Ge, while the diffusion of both 
boron and phosphorus (via MLD using conventional annealing) is too slow to achieve any meaningful doping.30 
Sgarbossa et al showed useful results for antimony (Sb) doping achieving a concentration of ~3 × 1018 atoms/cm3 
using conventional annealing.28, 31  However when laser annealing was employed record levels of Sb (~1 × 1020 
atoms/cm3) activation were achieved and successful P (~2 × 1019 atoms/cm3) incorporation was also produced.  
However, despite these high doping concentrations, we have to remember that laser annealing involves melting 
the surface of the semiconductor and is therefore not suitable for processing nanostructures as they would lose 
their structural integrity.  
As-MLD in germanium has not been studied to the same extent as other n-type dopants, likely due to the toxicity 
of the traditional molecular precursors.  Previous work in the area of As-MLD also required synthesis of As 
precursors as there was no commercially available molecule which can undergo the hydrogermylation reaction.  
This reaction had to this point, been the most consistent means of producing a chemically bound, self-limiting, 
monolayer for MLD.32  However, large amounts of toxic waste are generated, which is dangerous and expensive 
to dispose of.  Also, the synthesised precursors were prone to oxidation therefore extremely difficult to work 
with.27, 33-36  
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There is huge interest in chemical functionalisation of semiconductors.  By modifying the surface of Si or Ge it 
is possible to control its functionality with applications that extend well beyond MLD such as photovoltaics, 37 
electroactivity 38 and biointerfacing 39 for example. Loscutoff and Bent comprehensively reviewed the topic of 
organic functionalization of Ge in 2006.40 They acknowledged that wet chemical functionalization methods on 
Ge were limited, with only three viable wet chemistry methods 1) hydrogermylation 2) thiolation and 3) Grignard 
reaction.  
With the above discussion in mind, the present study, describes a novel route for chemical functionalisation of 
Ge and represents a significant advancement in the field as it is transferrable to a broad range of materials. This 
new route, adapted to permit controlled doping of Ge substrates with As, is summarised in Figure 1 Furthermore, 
we also demonstrate, by comparing with existing data, that the As dose can be finely controlled by controlling 
the size of the adsorbed molecular precursor, while first principles simulations elucidate the binding mode of the 
precursor to the Ge substrate. Finally, we demonstrate for the first time on Ge that the maximum limits of 
electrically active arsenic has been achieved by MLD making it a truly viable alternative to other more 
destructive, less conformal, techniques, such as ion implantation. 
 





















All chemicals were purchased from Sigma-Aldrich and used as received. Planar p-type Ge wafers (100) with 
intrinsic carrier concentrations of ~ 1×1016 atoms/cm3 were diced into 1 cm2 samples for MLD processing.  
Carbon contamination and debris from the dicing process was cleaned by sonicating in acetone for 2 minutes 
followed by a dip in 2-propanol (IPA) with drying under a stream of nitrogen.  
Chlorine termination was produced by placing the Ge samples into a solution of 10% HCl for 10 minutes. Once 
a hydrophilic-like Cl terminated Ge surface was achieved a subsequent nitrogen dry was carried out in an effort 
to remove any traces of the HCl solution. Samples were then placed in a solution of 0.007 g / 50 ml arsanilic acid 
in suitable solvent which after testing was chosen to be dichloromethane (≥99.9%). This solution was left to 
evaporate and once done, a physisorbed arsanilic acid residue remained on the samples. Chemical binding of the 
arsanilic acid monolayer was carried out through the Tethering By AGgregation (T-BAG) method which required 
annealing at 140 °C in a vacuum oven for a period of 10 hours. 41 Once this chemisorption step was complete a 
final clean was carried out to remove the excess physisorbed material. A 2-minute sonication in methanol 
followed by a further dip in methanol and nitrogen drying was used to clean this physisorbed material.   
A sputtered SiO2 capping layer was used to promote dopant diffusion into the semiconductor substrate during 
annealing. Capping layers were deposited prior to annealing which was done in a12 rapid thermal annealing 
(RTA) system at temperatures from 400-700 °C and times varying between 1-100 seconds. The capping layers 
were then removed using a dilute solution of buffered oxide etch (BOE). This process was refined to ensure 
minimal surface damage to both planar and non-planar samples.  
Electrochemical capacitance voltage (ECV) profiling was carried out to determine active carrier concentration 
with depth in the MLD doped samples. A CVP 21 profiler was used with a 0.1 M Tiron solution as the etchant 
solution. Etch steps of 5/10/20/40 nm were chosen depending on profile depth and to minimize measurement 
error a relaxation period of 30 seconds was implemented between etch and measurement steps. Error in 
concentration values was below 5 % for all levels greater than 1×1018 atoms/cm3 and only slightly increased 
above this value for lower concentrations. Water contact angle measurements were taken with an Ossila contact 
angle goniometer and utilised as an indication of surface conditions. Atomic force microscopy was conducted 
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under ambient conditions in tapping/non-contact mode using Veeco Multi-mode V microscope. Scan area for all 
measurements was 3 x 3 µm. 
X-ray photoelectron spectroscopy measurements were taken with a Kratos axis ultra-spectrometer using a mono 
Al K 1486.58 eV, 150 W x-ray gun. For Survey spectra a pass energy of 160 eV, step of 1 eV, dwell of 50 ms, 
and 3 sweeps were used. Core spectra were taken with a pass energy of 20 eV, step of 1 eV, dwell of 50 ms, and 
2-10 sweeps. Data processing was carried out on CasaXPS software with calibration using the C 1s line at 284.8 
eV as charge reference.  
 A Lucas labs 302 manual four-point probe tool was utilised for Rs measurements along with a Keithley power 
supply. 
The adsorption mechanism of arsanilic acid on a model Cl-terminated Ge surface, which prevents reconstruction 
of the Ge (100) surface and is consistent with Cl-termination of Ge used in the experiments, has been studied 
using density functional theory (DFT). In particular our investigation focuses on determining the adsorption of 
arsanilic acid on Cl-terminated Ge (100) surface. All DFT calculations of geometry and electronic structure have 
been performed within DFT using the generalized gradient approximation (GGA) as implemented in the Vienna 
Ab Initio Software Package (VASP.5.4.1) program.42, 43 The core-valance electron interactions are described by 
potentials constructed with the projector augmented-wave (PAW) method44; the following valance electron 
configurations are used Ge 4s2 and 4p2, As 4s2 and 4p3, C 2s2 and 2p4 , O 2s2 and 2p2, N 2s2 and 2p3 and H 1s. 
The exchange-correlation energy was evaluated with the PBE approximation to the exchange-correlation 
functional.45 In all calculations, the cutoff energy is 420 eV, the energy is converged when the difference between 
successive steps is less than 10-4 eV and the forces are converged when they are below 0.02 eV/Å. Given the 
supercell dimensions, we use Γ-point sampling for the Brillouin zone integrations. 
The Ge (100) surface is described by a 3D periodic surface slab composed of 4 Ge-atomic layers with a 2x2 
surface supercell expansion; this gives eight atoms in the outermost layer of the surface. The two faces of the Ge 
surface are separated by a vacuum region of 40 Å and the top and bottom layers are passivated with one Cl per 
surface Ge atom. Ionic relaxations are performed with the atoms belonging to the two bottom Ge-layers 
constrained while the others atoms were allowed to relax with no symmetry constraints.  
7 
 
To investigate the interaction of arsanilic acid on the Cl-terminated Ge (100) surface we have calculated the 
adsorption energies (Eads) using the following expression: 
Eads = Emolecule-Ge+Cl +nEHCl– EGe+Cl –  Emolecule  
where EGe+Cl and Emolecule-Ge+Cl are the total energies of the Cl-termianted Ge surface and with the arsanilic acid 
adsorbed. n is the number of HCl removed from the system during adsorption, EHCl is the energy of a gas phase 
HCl molecule and Emolecule is the energy of the isolated arsanilic acid, all computed using the same technical 
parameters and set-up of the previous systems. Given the magnitude of the adsoprtion energies found, we do not 
include van der Waals interactions in the adsoprtion calculations, as these will not lead to any significant change 
in the adsorption energies. 
 
Results and Discussion 
Kary et al,46 outlined in their patent from 1957, a solution based method of forming arsono-siloxane molecules 
which involved the reaction of a halosilane with an arsonic acid through a nucleophilic substitution reaction. 
Nucleophilic substitution is a commonly used strategy in organic chemistry. It involves the attack of a nucleophile 
to a target carbon molecule which contains a suitable leaving group with an inversion of the stereochemistry. In 
theory this stereochemistry inversion would not be possible on crystalline substrates. Interestingly, Si has shown 
an alternative trend to carbon when undergoing these nucleophilic substitution reactions with no inversion in 
stereochemistry.47  The T-BAG method of chemically binding a monolayer to a crystalline substrate has 
previously been demonstrated as a successful method of attaching phosphonic acid monolayers to Si oxide by 
Chabal et al.41 In this paper we have employed this nucleophilic substitution strategy, combined with the T-BAG 
method as a novel method of Ge functionalization. 
Figure 1 illustrates the reaction procedure for arsanilic acid with the Ge surface. The first steps involved 
degreasing the sample by sonicating in acetone to remove carbonaceous material and its termination using 
chlorine (Cl). Cl termination of Ge has been well described in literature with reports showing that a dip in a dilute 
solution of hydrochloric acid serves to both remove the native oxide and Cl-terminate the surface with minimal 
roughening of the Ge substrate.48 Water contact angle (WCA) measurements were carried out to determine the 
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change in the hydrophobicity of the surface as an indication of the Cl-termination. WCA values of as-received 
Ge were ~ 60° with this value decreasing to ~ 35-40°, as expected, as Cl terminated surfaces are known to be 
hydrophilic. 
The functionalisation procedure outlined in the experimental section was carried out on these Cl-terminated 
samples with the aim of chemically binding a monolayer of arsanilic acid to the Ge surface. One of the key 
findings from previous T-BAG literature is that the presence of humidity prevents the formation of a covalent 
bond. In order to minimise humidity, this reaction was carried out in a vacuum oven. After the vacuum oven 
anneal, the Ge substrate was sonicated in methanol to remove any physisorbed species. A control sample which 
had undergone annealing in a standard oven and the same post-anneal cleaning procedure was also prepared. An 
XPS study of these samples, as well as an as-received and Cl terminated Ge wafer was carried out. Figure 2 
shows the survey spectra XPS data, highlighting the region around 1326 eV where the As 2p peak can be seen. 
This data clearly shows that the As 2p peak is only present on the sample (pink line) which has undergone the 
vacuum oven annealing step. This finding agrees with the previous T-BAG literature in showing that vacuum is 
essential for the covalent binding of the monolayer. The absence of an As 2p peak on the sample that was annealed 
in a standard oven would suggest that the sonication of the sample post-anneal in methanol is effective for the 
removal of non-covalently bound (physisorbed) arsanilic acid molecules. Core level spectra of As 2p and As 3d 
peaks from the As MLD with vacuum sample are shown in Figure S1. Quantification of the As on Ge is not 
currently possible via XPS as the As 3d peak overlaps with a Ge plasmon while the As 2p has no known relative 




Figure 2: XPS survey spectra of as received and Cl terminated Ge and arsanilic acid functionalised Ge, annealed at 140 oC for 10 
hours, with and without a vacuum. 
Analysis of the core level Ge 3d signal analysed by XPS is shown in Figure 3 and Figure S2. After HCl treatment 
of the Ge samples it can been seen that there is a significant reduction in the oxide component of the Ge 3d signal 
at ~33 eV. The sample which has undergone functionalization and annealed in the absence of a vacuum, has 
returned to a condition similar to the as-received Ge. Under ambient conditions the re-oxidation process would 
have been much slower, however the elevated temperature combined with humidity, in the absence of a vacuum, 
promotes this oxidation. The sample which has undergone functionalization with a vacuum oven anneal shows a 
small growth in the peak at ~33eV. It is noted that after 1 week (t = 168 hrs) the contribution from this peak 





Figure 3: XPS analysis of the Ge 3d peak for (a) Cl terminated (b) Arsanilic acid functionalised annealed in the absence of vacuum 
and (c) Arsanilic acid functionalised annealed in the presence of vacuum and (d). Analysis of GeOx:Ge over time for the arsanilic 
acid functionalised samples with and without a vacuum anneal. t= 0 hours represents samples analysed immediately after completion 
of the monolayer grafting process while t= 168 hours represents a sample which has undergone the grafting process and has 
subsequently been stored for 168 hours in ambient conditions before analysis. 
We use first principles density functional theory (DFT) to model the adsorption of the arsanilic acid molecule to 
a model Ge substrate to determine the preferred binding mode of the molecule. Figure 4 shows a schematic of 
the adsorption process and identifies three likely binding modes, two through the acid group, using two oxygen 
sites (removing two surface Cl atoms) or one oxygen site (removing one surface Cl atom) and the third through 





Figure 4: Possible surface binding conformations of the As-acid molecule to the Ge surface 
 
Figure 5 shows the atomic structure of the Cl-terminated Ge(100) surface and relaxed adsorption structures for 
the three adsoprtion modes described above. The computed adsorption energies are -4.97 eV for Configuration 
A, -5.70 eV for Configuration B and -3.66 eV for Configuration C. Therefore the arsanilic acid molecule can in 
principle adsorb at Ge (100) in all three configurations, with loss of HCl. However, we note that configuration B, 
in which one oxygen atom from the acid group initially binds to one Ge atom in the (100) surface, relaxes so that 
adsorption takes place through two oxygen atoms in the molecule. These oxygen atoms each coordinate to 
different surface Ge atom (inset of Figure 5(c)). In the other adsorption modes the interaction is through two 
oxygen atoms in the acid group (Configuration A) or the nitrogen atom in the amino group (Configuration C). In 





Figure 5: Atomic structure of (a): Cl-terminated Ge (100) surface, (b): relaxed adsorption structure of arsanilic acid in 
Configuration A, (c): relaxed adsorption structure of arsanilic acid in Configuration B and (d): relaxed adsorption structure 
of arsanilic acid in Configuration C. In panel (c) we also show a rotated view so that the As-O-Ge bonds can be seen. 
 
 
In Configuration B, one Ge atom maintains a Ge-Cl bond, with a Ge-O distance of 1.93  Å. The second Ge-O 
distance is 1.92 Å and the As-O distances are 1.74 Å. Finally, the distance from As to the hydroxyl oxygen that 
does not bind to the surface, As-OH, is 1.75 Å. During the relaxation the As-O distances in the molecule increase 
by 0.09 Å and 0.06 Å for those oxygen binding to Ge and decrease by 0.05 Å for the As-OH bond. This change 
in metal-oxygen distances is consistent with the strong adsorption energy.   
In Configuration A, the Ge-O distance involving the initially unprotonated oxygen is 1.86 Å , while for the other 
oxygen it is 2.01 Å. The O-As distances are 1.65 Å for oxygen that forms the double bond with As and 1.80 Å 
for the oxygen binding to the surface. Finally, in the least stable configuration, Configuration C, the Ge-N distance 
is 3.71 Å and the interaction is clearly weaker and we do not expect this binding mode to be of importance in the 
MLD process.  
Finally, we note that after adsorption and ionic relaxation, surface Ge and surface terminating Cl atoms are 
distorted away from their initial positions in the Cl-terminated Ge (100) surface. For example we see a clear 





As-MLD functionalized samples were capped with 50 nm of sputtered SiO2. It has previously been shown that 
the deposition of a capping layer is essential in the MLD process to optimise the diffusion of the dopant atoms 
from the surface into the bulk of the target semiconductor.16, 34 Following capping, the samples were annealed 
using an RTA system and prepared for characterization by removing the cap using a dilute BOE solution. AFM 
imaging of samples after each processing step, shown in Figure 6, was carried out to monitor the surface 
roughness. Initial starting Ge (Fig 6. A) shows a high-quality surface with a roughness value of 0.26 nm. A slight 
increase in surface roughness is noted after the MLD processing steps with a final roughness of 0.55 nm. This 
increase in surface roughness is considered suitable for transfer to nanostructured Ge as it remains within ± 0.3 
nm of the initial starting value. If roughness values were to increase significantly after MLD processing on blanket 
samples one would envisage, that given the dimensions of current and future nanostructured Ge, there would be 
the potential for structure damage and even complete structure loss.  
  
 
Figure 6: AFM of (a) cleaned (b) Cl-terminated (c) functionalized with vac oven anneal and (d) post MLD and cap removal Ge.  
Active carrier concentration values from As-MLD doped Ge are shown in Figure 7 where the RTA time was 
varied while maintaining a constant temperature of 650 °C. Using a conventional RTA system this is the 
maximum temperature permitted (~2/3 of melting temperature) for Ge as it has a melting point of 938.12 oC. The 
maximum carrier concentration for the first 8-10 nm shows values between 3 × 1019 and 4 × 1019 atoms/cm3. 
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Surface artefacts are known to impact on the accuracy of the initial surface data point measured through ECV 
and lead to this data point often being disregarded when quoting maximum carrier concentrations. Maximum 
carrier concentration values after this surface point of > 1 × 1019 atoms/cm3 represent the highest values seen to 
date with As-MLD.  Previously, the maximum carrier concentration of As-MLD on Ge was approximately half 
of this at 6 × 1018 atoms/cm3.27 The solid solubility and maximum electrically active limits of arsenic in Ge have 
not been as widely reported on as the corresponding values for Si. Chui et al 49, reported that the maximum 
electrically active limit of As is 3.5 × 1019 atoms/cm3 for Ge doped through implantation and activated with a 
500°C RTA. Their study also noted that RTA temperatures above 600 °C lead to considerable As diffusion with 
a concurrent decrease in the maximum electrically active dopant levels to ~ 2 × 1019 atoms/cm3. Other reports of 
As activation in Ge have placed the maximum activation level in a range between 1-3 × 1019 atoms/cm3. 50-55 
Duffy et al 56, have reported maximum activation limits in this 2 × 1019 atoms/cm3 region for Ge doped with As 
through a gas phase source using RTA temperatures above 600 °C. Miyoshi et al, reported a maximum activation 
value with a form of microwave plasma doping at 4.3 × 1018 atoms/cm3. 57  Analysis of the shape of the plots in 
Figure 7 shows that they have box like profiles as have been seen in other As diffusion doping studies which are 
consistent with concentration enhanced diffusion.58 
 
Figure 7: ECV profiling of active carrier concentrations in Ge samples after arsenic MLD processing. RTA time has been varied with 




























Monolayer doping by nature is a limited source diffusion method of doping. Further indirect evidence of 
monolayer formation is provided through analysing the incorporated dose values from the ECV data. Table 1 
shows that dose values plateau at ~ 4 × 1014 atoms/cm2. Profiles match the theory of limited source diffusion.59 
Between 30 seconds and 100 seconds the complete surface dose is incorporated and dopants which were situated 
close to the sample surface diffuse further into the bulk using a 100 second anneal. 
Validation of the ECV data was attained from sheet resistance (Rs) measurements of the MLD doped blanket Ge 
samples.  Through the formula outlined previously by Duffy et al, it was possible to translate carrier concentration 
profiles from ECV to a theoretical Rs value which was then compared to the experimentally determined value. 56 
The correlation between the theoretical and experimentally measured Rs is shown in Table 1 with reasonable 
agreement between the values, which corroborates the ECV data. 







1 second 1.7 × 1014  101 99 
5 seconds 2.3 × 1014  79 72 
10 seconds 2.8 × 1014  70 60 
30 seconds 4.5 × 1014  46 40 
100 seconds 4.2 × 1014  25 10 
 
Table 1: Total activated dose values in Ge from As-MLD with variations in RTA time using a 650 °C RTA. Sheet resistance values of 
selected samples were measured and compared to theoretical values to validate ECV data  
The pioneering work of Ho et al demonstrated the ability of MLD to provide controlled dopant doses to 
semiconductor materials, by the variation of dopant-containing molecule.15 Since then, a number of studies have 
found success in controlling dose through MLD, such as those by Ye et al and Perego et al.60 These studies have 
all focused on the application of phosphorus and boron  MLD to silicon.  
A rudimentary method of estimating the quantity of the arsanilic acid molecules which can pack onto the Ge 
surface, is to model the dimensions of the molecule, assume a spherical shape and calculate the maximum 
coverage on a semiconductor surface in a 2-dimensions (see Figure 8). Modelling work was carried out using 
Materials Studio software. Triallylarsine (TAA) which was used for previous As-MLD studies on Ge has a 
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calculated diameter of 0.94 nm which translates to a theoretical “ideal” dose of ~ 1.5 × 1014 atoms/cm2.27, 34    
Previous experimental work using TAA incorporated a maximum dose of 2 × 1014 atoms/cm2. By comparison, 
arsanilic acid was calculated to have a diameter of 0.46 nm. An approximate maximum dose of ~ 6 × 1014 
atoms/cm2 was calculated from this 2-dimensional “ideal” packing scenario. Experimentally it was determined 
from ECV that an active dose of ~ 4 × 1014 atoms/cm2 was incorporated.  This corresponds with to approximately 
70% of what could have been achieved with ideal packing. There are two reasons why 100% of the potential dose 
was not incorporated. The first being that the packing of the molecules was not ideal and spaces on the surface 
of Ge were present which were too small to incorporate a molecule, therefore full coverage was not achieved.  
The second is that some of the As from the molecules attached to the surface got trapped at the interface or in the 
capping layer.  In reality it is probably a combination of both but a theoretical study to determine what the optimal 
packing could be for such molecules will be pursued in future studies. This provides an experimental validation 
of the theory, that changing size of the footprint of the dopant-containing molecule, between As-acid and TAA, 
allows for controlled adjustment of dose from 2 × 1014 atoms/cm2 to 4 × 1014 atoms/cm2. It is important to note 
that this approach for modulating dose, between As-acid and TAA, does require different monolayer reaction 
strategies. Further advancement of As-MLD on Ge by functionalisation with larger and smaller dopant-containing 
molecule sizes will allow for greater ability to tune the incorporated dose through MLD. 
 
As acidTAAGermanium
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Figure 8: 2-dimensional depiction of packing density for arsenic MLD precursor arsanilic acid As acid) and a comparison with 
previously used triallylarsine (TAA) 
Dose values determined from ECV where the RTA temperature was varied (Figure S3) were used to calculate 
the diffusion co-efficient of arsenic introduced through MLD. These values are compared to previous literature 
where ECV was used. The methodology for calculating diffusion co-efficient has previously been outlined in the 
study of phosphorus doping of silicon-germanium. Figure 9 demonstrates the increase in diffusion co-efficient 
with increasing RTA temperature. Our data shows some correlation with the previous As-MLD literature where 
triallylarsine was used as a dopant source.27  Duffy et al, utilized a gas source (AsH3) method for As diffusion 
and activation in Ge which shows lower diffusivity than results from arsanilic acid-MLD. 56 Temperature ramp 
rates of the annealing tools are likely to differ between each study, and the inclusion of additional elements such 
as carbon and nitrogen impacting diffusivity of As, may account for the difference in the diffusion co-efficient. 
All data sets have diffusion co-efficients which are in the extrinsic doping regime.  
 
Figure 9: Diffusion co-efficient vs 1000/T, where T is in Kelvin. A black solid line is used to show intrinsic As diffusivity, red 
markers to show the previous work of Duffy et al, and blue markers to indicate As-MLD data from this work. Diffusion co-efficient 
from Duffy et al, and this work have been calculated from ECV.  
With the aim of potential doping processes to decrease annealing temperatures, while maintaining or improving 
active carrier concentrations and minimizing diffusion depth, it is evident that MLD requires alternative methods 
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flash lamp annealing have shown promise for producing greater than solid solubility limit levels of dopants in 
Ge. 31, 61-63 Further studies into the combination of MLD with these advanced annealing techniques are important 
to demonstrate the true of potential of this doping methodology.  
Conclusions 
A new chemical route for functionalising Ge has offered the opportunity to controllably dope nanostructured Ge 
using As via monolayer doping, which overcomes many of the issues associated with ion implantation and 
permits a record As doping level to be achieved. It involves the functionalisation of Cl terminated Ge with a 
commercially available arsenic containing molecule, arsanilic acid. By applying this new chemical route we have 
demonstrated a simple, non-destructive approach for conformal doping of Ge producing n-type doping levels, 
rivalling beam-line implantation, which matches previously shown active solubility limits of arsenic (approx. 2 
× 1019 atoms/cm3) when using RTA temperatures greater than 600 °C. These active carrier concentrations are two 
times higher than what was the previously assumed limit of As-MLD on Ge and for the first time is at dopant 
levels that allow the use of Ge as the channel material in transistor devices. We demonstrate that anneal time 
allows control over the depth of diffusion of the arsenic dopants in Ge.  By calculating the molecular footprint of 
the arsanilic acid and comparing it to that of triallylarsine used in a previous study we propose that the molecular 
footprint was be tuned (i.e. increasing or decreasing the size of the molecule) to control the dose of dopant that 
is delivered to Ge.  Finally, the discovery of this new chemical functionalisation route significantly advances the 
field of surface functionalisation with implications for many potential applications and a broad range of materials. 
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